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Abstract 
In order to investigate the influence of controlled permeable formworks (CPF) on concrete, samples were made in 
steel modulus with and without CPF. Visible surface morphology, adsorption of water and chloride, permeability of 
Cl-, together with pore structure of the surface layers were studied and analyzed. It’s indicated that, by the application 
of CPF, concrete could be  enhanced and the surface is homogeneous without any visible blow-holes. Also, 
adsorption and permeability of water and chloride ion into concrete were inhibited. According to mercury intrusion 
porosimeter, the porosity in the thickness of 0-3mm under surface was reduced from 10.48% of the control sample to 
7.04%. The largest decrease existed in pores with diameter of larger than 0.2 μm. The study indicates that CPF could 
markedly improve the appearance as well as the durability of concrete structures. 
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1. Introduction 
The ingress of chloride is a principle cause for reinforcement corrosion in concrete elements.  For 
attaining long-term durability, the improvement of impermeability is essential for concrete structures[1-3]. 
It can be achieved by increasing cement content for entire volume of concrete and reducing water/binder 
ratio. Another alternative method, controlled permeable formwork (CPF), can improve the 
impermeability of concrete cover without increasing the cement content.  
The conventional impermeable formwork stops the air bubbles and excess water, which is migrating 
outside while pouring and vibrating of concrete mixtures. The bubbles break and changes into macro-
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defects on the concrete surface. The bleeding water increase the in-site w/b ratio and makes weak 
concrete surface. However, when the CPF is adopted, air and water can escape through the mould surface 
and the result is a denser and stronger surface of the concrete[4]. It’s reported that, the concrete surface 
generated in contact with the CPF is highly impermeable with a water-cement (w/c) ratio as low as 0.3, 
for a concrete mixed at a w/c ratio of 0.5-0.55. And the sorptivity, chloride and oxygen diffusivity, 
carbonation penetration and freeze-thaw resistance[5-7] can be improved obviously. 
The aim of this study is to investigate the effect of CPF on the visible surface morphology, strength, 
permeability and sorption of concrete. And the improvement and affecting depth of CPF on the concrete 
surface is analysed by mercury intrusion porosimetry (MIP). 
2.  Experimental work 
2.1. Materials 
Ordinary Portland cement, GradeⅠfly ash, grounded slag, basalt aggregate ranged in 5~20mm and 
sand with fineness modulus of 2.7 is used to cast the tested blocks. The chemical component of the 
mentioned cementitious materials is shown in Table 1. The Bunett CPF used in this research has an 
average pore diameter of 40μm. Polycarboxylate super-plasticizer by Jiangsu Sobute new materials Co., 
ltd was added to achieve a pleasing slump. 
Table 1 Chemical composition of the cementitious materials   w /% 
 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Loss on ignition 
Cement 18.9 4.46 3.21 64.0 3.75 3.98 3.76 
Fly ash 48.6 31.6 6.51 6.04 1.09 0.62 1.1 
Grounded slag 31.2 16.0 0.44 39.2 8.25 2.47 - 
2.2. Manufacturing test specimens 
Two blocks were prepared with the size of 500*500*200mm3. And one of them was casted into a steel 
mould with CPF liner(its code name, CPF), compared with the other one without CPF(its code name, 
Control).  
To ensure the firm and smooth attach of the CPF to the mould inner surface, the following steps was 
carried out. 
 1) Spray the specific adhesive to each inner surface of the mould, about 200 g/m2. 
 2) Unfold the CPF liner on the mould surfaces, stick it from center to the surrounds gradually. In each 
side of the mould, a 5mm-wide gap without CPF liner is reserved to be a passage of excess water and air.  
The mix proportions in this study are shown in Table 2.  
Table 2  Concrete mix proporations    kg/m3 
Cement Fly ash Slag Fine Sand Coarse Aggregate Water Superplasticizer 
240 96 144 775 1027 168 4.05 
The prepared mixtures were casted into the above mentioned moulds and compacted using an internal 
vibrator. Care was taken to ensure that the vibrator didn’t contact with the formwork liner. After 24h cure, 
the formwork was removed and the blocks were cured at 20±2℃ and over 95% relative humidity. 
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2.3. Test methods 
The strength of the samples were tested by rebound method at the curing age of 7d,14d and 28d. Data 
was analysed according to JGJ/T 23-2001. The surface morphology was captured using a digital camera. 
Afterwards, cylinders with diameter of 100mm were cored deep to 50mm from the 500*500mm2 surfaces. 
The cylinder sample had a pristine surface from the large block (top surface) and all the other surfaces, 
including profile and underside were generated freshly during cored. The water sorption, chloride ion 
penetration(Coulomb Electric Flux Method) were based on these cylinders. 
Water Adsorption Test. Cover the profiles and undersides of the cored cylinders with epoxy, only the 
top surface remains its original appearance. Triple samples were prepared for each block. Dryed them in 
oven at 60℃ for 48hours, weighed and marked down its weight, w0. The samples were then put into a 
plastic box, with their top surfaces facing the ground. Poured water to the box until 5mm higher than the 
top surfaces. Removeed core samples out from the water in certain intervals, wipeed the outside and 
weighed, marked down its weight, w1. The water adsorption of each sample, w, was counted out by: 
W=(w1-w0)/(π ·0.052)                                                           (1) 
The adsorption coefficient was the slope of water adsorption - square root of immersion time. 
Coulomb Electric Flux Method was carried out based on GB/T 50082-2009 Standard for test method 
of long-term properties and durability of ordinary concrete.  
Pore Structure Test. Slices of 0-3mm and 5-10mm under the top surface of the samples were cut. 
Broke them into small particles of about 5mm, picked out the coarse aggregates and immersed them into 
alcohol for three days to stop the cement from hydration. Then dried them in oven at 60℃ for 48 hours to 
remove alcohol and vaporizable water from the samples. Pore structures of the matrix was tested by 
PoreMaster GT 60 (Mercury Intrusion ). 
3. Results and discussion 
3.1.  Strength and visible surface morphology 
Strength result of the concrete blocks by rebound method is shown in Fig.1. Compared with control 
samples, the improvement of CPF block was 11.1%、21.3%、11.4% respectively at the age of 7d,14d 
and 28d. Compared with conventional mould, much denser concrete surface could be achieved when the 
permeable CPF liner was adopted. And this was due to the escape of water and air bubbles through the 
pores of CPF.  
Visible surface morphology of concrete blocks casted with conventional steel mould and CPF liner are 
shown in Fig.2. Obviously, there were many irregular blow-holes on the surface of control concrete 
samples. This was because that air bubbles in the concrete mixture migrated outside and broke while 
meeting the steel mould surface. However, the concrete block casted with CPF liner had a smooth surface 
without any visible defects. The surface of control concrete was gray and many wavy lines existed. This 
might be caused by too much bleeding water gathering on the block surface. CPF block had a much 
darker and more homogeneous surface. From the picture, many small swellings spread around the surface, 
which might be the accumulation of cementitious particles. Basically, darker surface was thought to be an 
indication of more cement or its hydration products. According to this, the obstruction effect of CPF on 
cement particles could be verified.  
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Fig. 1 Effect of CPF on the rebound strength of concrete 
    
（a）Control                                                                           （b）CPF 
Fig. 2  Visible surface morphology of concrete blocks 
3.2. Water sorption and resistance to chloride ion penetration 
From Fig.3, total water adsorbed by control sample was much higher than that of CPF. After 3 days of 
adsorption, water adsorbed by samples of CPF was reduced by 50.3% compared with the control one. 
Water adsorption coefficient calculated by data in the first 2 hours was 8.64g·m-2·min-1/2 and 24.4 g·m-
2·min-1/2 respectively for CPF and control samples. The reduction of water adsorption coefficient was up 
to 64.6%.   
Coulomb electric flux of control and CPF samples tested after electrifying for 6 hours by 60V DC 
voltage was 1486.4C and 1118.9C respectively. The drop was 24.7% for CPF samples. This proveed that 
the usage of CPF could improve the resistance to water adsorption as well as chlorides penetration of 
concrete blocks. This was very significative for concrete structures durability.  
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(a) Total adsorbed water                                                               (b) adsorption coefficient 
Fig. 3  Effect of CPF liners on water adsorption and adsorption coefficient of concrete 
3.3. Pore structures 
Slices of 0-3mm and 5-10mm under the top surface of Control and CPF samples were tested by 
Mercury intrusion porometery. Total porosity of 0-3 mm slices was 10.48% and 7.04% respectively for 
Control and CPF. There was a very sharp decrease after using CPF. However, the 5-10 mm slice of CPF 
was 8.68% compared with 9.65% of the Control one. A sharp reduction of porosity was found for 0-3 mm 
slice of CPF. And a slight fluctuation existed for the 5-10mm slices, which might be due to the test error. 
Therefore, it could be concluded that the application of CPF might obviously reduce the porosity of 
concrete surface. But its effect on the inner concrete was slight. 
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(a) Integral curves of pore size distribution                               (b) Differential curves of pore size distribution 
Fig.4  Integral curves and differential curves of pore size distribution of 0-3 mm concrete slices 
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(a) Integral curves of pore size distribution                                      (b) Differential curves of pore size distribution 
Fig.5  Integral curves and differential curves of pore size distribution of 5-10 mm concrete slices 
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(a) 0-3mm slices                                                                   (b) 5-10mm slices 
Fig. 6 Respective pore volume of the four differentiated grades 
Fig. 4 and Fig. 5 are integral curves and differential curves of pore size distribution of the 0-3 mm and 
5-10 mm concrete slices. In Fig.4, the integral curve of CPF was always below the Control, meaning 
much lower porosity. In their differential curves, high peaks existed between 10-100μm for the Control 
sample. However, no peak appeared in the identical diameter range of CPF samples. That is, there were 
many large pores with diameter 10-100um in Control samples, but they could be eliminated by the 
application of CPF. The 0-3mm slices of Control and CPF concrete both had obvious peaks between 
0.01-0.1μm. And the difference was that peak of CPF was lower than that of Control, which means less 
pores existed in this range. From Fig. 5, no obvious difference existed for the pore size distribution of 5-
10 mm slices of Control and CPF samples.    
According to the classification theory of pores by Pro. Wu Zhongwei, pores in concrete could be 
divided into four grades, that is harmless pores(d<0.02μm), less harmful pores(0.02-0.05μm), harmful 
pores (0.05~0.2μm) and much harmful pores(d >0.2μm). Based on this, respective porosity of this four 
grades were counted, shown in Fig.6. Volume of much harmful pores in 0-3mm of CPF concrete was 
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reduced sharply from 21.5μL/g of the Control sample to 10.3μL/g. This could be explained easily by the 
lower in-suit water/cement ratio and elimination of visible defects brought by CPF. Another obvious 
reduction was the less harmful pore, from 18.3μL/g of Control to 13.3μL/g of the CPF. However, for the 
5-10mm slices of Control and CPF, no obvious change appeared. 
The MIP result was adequate proof to the modification of CPF on concrete surface pore structures. 
Much harmful pores was reduced sharply by using CPF and therefore, resistance to the ingress of 
aggressive medium could be improved. What should be clear was that the improvement from CPF was 
limited to the surface only(maybe only about 3mm), and its effect on the inner structure (under 5mm) was 
probably negligible.   
4.  Conclusions  
Results obtained throughout the laboratory tests led to the following conclusions: 
The concrete surfaces resulting from CPF were blow-hole free with no blemishes but the control one, 
corresponding to the inner sides of the conventional steel mould walls, presented many blow-holes. 
Strength from rebound method of concrete from CPF was improved more than 10% than control one. 
Water sorption and chloride ion penetration of concrete could be restrained if the concrete was casted 
using CPF due to the denser surface.  
Pore structure of concrete surface from CPF was modified remarkably, compared with the control one. 
The porosity of 0-3mm slice was reduced from 10.48% of the Control sample to 7.04% of CPF one. 
There were many large pores within diameter 10-100um in Control samples, but they could be eliminated 
by applying CPF. Besides, less harmful pore could be reduced from 18.3μL/g of control to 13.3μL/g of 
the CPF. However, there was no obvious difference in the 5-10mm slices of the two concrete samples. So, 
it could be concluded that the improvement from CPF was limited to the near surface concrete only and 
its effect on the inner concrete was probably negligible. 
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